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Abstract
“da Vinci stereopsis” is deWned as depth seen in a monocular object occluded by a binocular one, and the visual system must solve its
depth ambiguity [Nakayama, K., & Shimojo, S. (1990). da Vinci stereopsis: Depth and subjective occluding contours from unpaired image
points. Vision Research, 30, 1811–1825]. Although fused images include various pictorial features, eVects of pictorial depth cues have
never been systematically investigated in da Vinci stereopsis. To examine this, we created stereograms consisting of a monocular bar
Xanked by binocular bars with a Wxed large horizontal separation, in which the monocular bar induced a subjective occluding edge.
Manipulating vertical size or contrast of the bars could aVect the depth of the monocular bar. ConXicting these cues revealed that the
eVect of vertical size was stronger than that of contrast in all our subjects. Measurements of the depth indicated that the relative vertical
size of the bars quantitatively determined the perceived depth, of which levels had large inter-subject diVerences. All these experiments
indicate that the visual system can use the pictorial depth cues as a constraint to determine the depth of monocular elements.
 2005 Elsevier Ltd. All rights reserved.
Keywords: Binocular vision; Monocular object; da Vinci stereopsis; Pictorial depth cues; Constraint; Depth ambiguity1. Introduction
It is now clear that binocular three-dimensional (3-D)
perception is not exclusively determined by the disparity of
matched images. Since Nakayama and Shimojo (1990)
introduced a term “da Vinci stereopsis” for describing
depth perception of a monocular object occluded by a bin-
ocular object, a body of psychophysical evidence has accu-
mulated showing that the visual system uses monocular
areas of the retinal images to perceive a 3-D structure:
monocular elements can facilitate stereoscopic process in
random-dot stereograms (Gillam & Borsting, 1988; but see
also Grove & Ono, 1999), can be stably perceived in ran-
dom-dot stereograms (Shimojo & Nakayama, 1990), can be
seen in depth themselves (Häkkinen & Nyman, 1996;
Nakayama & Shimojo, 1990; Ono, Shimono, & Shibuta,
1992), can generate phantom occluding surface that
account for their presence when a explicit occluder is absent
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Nyman, 2001; Liu, Stevenson, & Schor, 1994; Nakayama &
Shimojo, 1990), or can indicate a depth step between sur-
faces when a vertical monocular gap is contained in one of
half-images of a solid shape (Gillam, Blackburn, & Nakay-
ama, 1999; Pianta & Gillam, 2003a, 2003b).
Depth ambiguity of the monocular regions is a problem
that must be solved by the visual system. The binocular
object occludes regions of space behind it for one eye only:
regions on its left will be seen by the left eye only and
regions on the right seen by the right eye only, implying
that in occlusion situation monocularly visible regions exist
at a temporal side of the binocular surface for each eye
(Fig. 1A). In these regions, called as “occlusion constraint
zones” (Nakayama & Shimojo, 1990), a monocular point
can theoretically lie on any possible depth in a correspond-
ing visual direction (in Fig. 1A, a small square can lie on a
broken line within the dotted region). To explore the way
resolving the depth ambiguity, Nakayama and Shimojo
(1990) measured the depth of the monocular bar next to the
binocular surface with stereograms shown in Fig. 1B. In
their study, they deWned ‘valid’ and ‘invalid’ cases on the
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ama, 1990): the valid case corresponds to the temporally
located monocular bar, and the invalid case to the nasally
located monocular bar. The results showed that the per-
ceived depth of monocular bar diVered between the valid
and invalid cases (Nakayama & Shimojo, 1990). In the
valid case, the monocular bar in the immediate vicinity of
the binocular surface was seen in depth quantitatively
related to the separation of the bar from the surface edge.
The depth approximated the minimum depth of the occlu-
sion constraint zone within 25–40 min arc of the separation.
Beyond this range the perceived depth of the valid monocu-lar bar gradually returned back to the same depth of the
surface. In the invalid case, in contrast, the monocular bar
was always seen at almost equidistance with the binocular
surface (Nakayama & Shimojo, 1990). The experiments of
Nakayama and Shimojo (1990) convincingly demonstrated
that, in the valid case and up to about 40 min arc in separa-
tion, the depth of the monocular bars would be determined
by the minimum depth constraint of the occlusion.
Häkkinen and Nyman (1996, 2001) suggested another
way that can be applied to the invalid case. They used stere-
ograms consisting of two binocular surfaces vertically
aligned with diVerent disparities and monocular dots later-Fig. 1. Monocular occlusion and depth ambiguity. (A) A situation that binocular surface (thick horizontal line) occludes space behind. Regions visible to
one eye only exist on the temporal side of the binocular surface for each eye (oblique region for the left eye only and dotted region for right eye only).
Within these regions, a monocular point (e.g., a square in the region for right eye only) theoretically can localize any of depth in the corresponding visual
direction (a broken line). (B) Examples of stereograms used by Nakayama and Shimojo (1990), with monocular bar located by the right side of the binoc-
ular surface. The right side of the binocular surface corresponds to the temporal side for the right eye, and to the nasal side for the left eye. So, the valid
case corresponds to that the monocular bar is presented to the right eye (upper), and the invalid case corresponds to that the monocular bar presented to
the left eye (lower). (C) Examples of stereograms used by Kumar (1995). In the left eye’s image, there are two monocular short bars Xanked with binocular
rectangles. The right monocular bar is in the valid case, and the left one is in the invalid case. (D) Examples of stereograms used by Gillam et al. (2003).
Upper one is in the valid case and lower one is in the invalid case. Compared to Nakayama and Shimojo’s stereograms, major diVerences are not only the
monocular disc having no vertical edge but also its vertical size is smaller than that of the binocular surface.
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1996). Measured depth revealed that the depth of the upper
surface with uncrossed disparities would bias the depth of
the monocular dots in each of the valid and invalid cases up
to 60 min arc in horizontal separation, indicating that the
depth of binocular elements would stereoscopically capture
the depth of monocular elements (Häkkinen & Nyman,
1996, 2001). This can be called as a capture constraint from
the binocular objects in da Vinci stereopsis. The capture
constraint seems to explain not only their own observations
(Häkkinen & Nyman, 1996) but also those by Nakayama
and Shimojo (1990), that is, the depth in the valid case with
large horizontal separations (back to equidistance with the
binocular surface) and the depth in the invalid case (equi-
distance with the binocular surface).
In addition to these, we think that there is another possi-
bility for resolving the depth ambiguity in da Vinci stereop-
sis, that is, the monocular elements might be constrained by
pictorial depth cues in the fused image. The pictorial depth
cues are sources of depth information in static, two-dimen-
sional (2-D) images. Although 2-D image can theoretically
correspond to any one of an inWnite number of possible 3-
D conWgurations (Gibson, 1950; Helmholtz, 1910), we can
acquire a depth impression and recover a layout of objects
from these cues. The pictorial depth cues are typically listed
as follows: ‘pictorial occlusion’ or ‘interposition,’ ‘relative
size,’ ‘linear-perspective,’ ‘aerial perspective,’ ‘height in the
visual Weld,’ and often many more (Cutting & Vishton,
1995; Sedgewick, 1986, chapter 21; see also any introduc-
tory perception text, e.g., Bruce, Green, & Georgeson,
2003). Because in da Vinci stereopsis each half-image con-
sists of separate objects, some of these cues are inevitably
included in the fused image. If the visual system will take
account of such pictorial cues to recover the depth, it may
be possible to aVect the perceived depth of monocular
objects because of their depth ambiguity.
Indeed, the possibility that objects’ size aVects the depth in
da Vinci stereopsis seems to be suggested by two studies, that
is, one by Kumar (1996) and the other by Gillam, Cook, and
Blackburn (2003), although these authors did not examine or
discuss it in their articles. In the study by Kumar (1996), he
created stereograms by modifying the Nakayama and Shim-
ojo’s original type, in which two monocular bars were
Xanked by binocular rectangles and the vertical size of mon-
ocular bars was changed. One example is shown in Fig. 1C, in
which the vertical size of two monocular bars in the left eye’s
image is shorter than that of the binocular rectangle. In this
stereogram, not only the valid monocular bar (right) but also
the invalid one (left) seems to be perceived farther away from
the binocular edge. Although Kumar (1996) suggested
that the vertical size of the monocular bar could aVect the
perception in da Vinci stereopsis, he did not experimentally
examine its eVects from the view of the pictorial depth cues.
In the study by Gillam et al. (2003), the depth of a monocular
disc next to a binocular line or surface was measured to
examine eVects of double matching in da Vinci stereopsis.
Gillam et al.’s stereograms with the binocular surface areshown in Fig. 1D. Their results indicated that the depth of
the monocular disc did not quantitatively relate to the hori-
zontal separation and would be seen more distant than the
binocular line or surface (Gillam et al., 2003). Since the
absence of vertical edges in the monocular disc would rule
out the possibility of double matching with either of the bin-
ocular line or the binocular surface’s edge, the non-quantita-
tive depth of the monocular disc could be considered as an
evidence that the theory of double matching is important for
da Vinci stereopsis (Gillam et al., 2003). However, the
authors did not explicitly describe the reason why the mon-
ocular disc would be perceived more distance even in the
invalid cases. The observations are inconsistent with those in
the invalid case of Nakayama and Shimojo (1990). Either of
the minimum depth or the capture constraints is insuYcient
to explain this discrepancy in the invalid case, since the
former constraint could not work in the invalid case, and the
latter one can explain only the observations of Nakayama
and Shimojo (1990).
According to our hypothesis, the depth diVerences in each
stereogram might be caused by a pictorial depth cue, which is
concerned that the visual angle subtended by an object
changes with its distance (Gibson, 1950), such as relative size
cue (Cutting & Vishton, 1995; Epstein & Baratz, 1964; Gogel,
1963; Hochberg & McAlister, 1955; Ittelson, 1951; Sedge-
wick, 1986, chapter 21) or linear-perspective cue (Cutting &
Vishton, 1995; Sedgewick, 1986, chapter 21; Youngs, 1976;
see also Goodenough & Gillam, 1997). So, to fully under-
stand the da Vinci phenomenon, it is important to examine
whether the pictorial depth cues work as a constraint to
determine the depth of monocular elements. Although sev-
eral studies have examined the eVects of the pictorial features
with regard to the multiple matching (Gillam et al., 2003;
Kumar, 1996), texture continuity between monocular and
binocular regions (Grove, Gillam, & Ono, 2002), object con-
tinuity from the view of form perception (van Ee, Banks, &
Backus, 1999), or luminance changes in monocular regions
(Kumar, 1995), the eVects of pictorial depth cues has never
been systematically examined. In this article, we propose
novel stereograms consisting of a monocular bar Xanked by
binocular elements with large horizontal separations (Fig. 2).
In these stereograms, the monocular bar would induce a sub-
jective occluding edge on itself and its depth would be
strongly aVected by the pictorial cues. By using the stereo-
grams, we examined whether the pictorial depth cues deter-
mine the depth of the monocular bar, and found that in our
stereograms they could work as the constraint.
2. Stereograms
Fig. 2A shows classic stereograms, in which the image
presented to each eye consists of several discrete elements: a
centered bar with diVerent vertical size surrounded by
squares in the top two stereograms, and a centered bar with
diVerent vertical size Xanked by lateral bars in the bottom
two. When each of the images is seen monocularly, these
pictorial features can give rise to various depth impressions.
94 Y. Makino, M. Yano / Vision Research 46 (2006) 91–105the relative vertical size of the centered bar to the lateral bars of each stereogram.Fig. 2. Stereograms demonstrating the depth eVects of the pictorial depth cue. The left and middle images are intended for parallel fusion and the middle
and right images for crossed fusion. During stereoscopic viewing, Wx the page in the front parallel plane at a viewing distance of about 25 cm, and you
should see the stereograms with Wxing gaze to the centered bar and head motionless. (A) Classic stereograms. Each half-image has pictorial features, such
as the centered bar with the surrounding squares (upper two stereograms), or with the lateral bars (lower two stereograms). We call the former ‘surround-
ing-square’ type stereograms, and the latter ‘lateral-bar’ type stereograms. When the stereograms are fused, while the pictorial features can yield a 3-D
impression in the distance dimension, observers can discern that all the components are on the same front parallel plane based on the disparity. (B) New
stereograms. Only the centered bar is binocularly unpaired. Note the upper four pairs present the same image to the right eye as in (A). When the stereo-
grams are fused, the monocular centered bar can be perceived stably at a certain depth. Especially in the lateral-bar types, its depth seems to be aVected by
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bar seems farther away from or in front of the lateral bars.
These depth impressions are derived from vertical-size
diVerences of the centered bar to the lateral bars (we call
this as ‘relative vertical size’). During stereoscopic viewing,
the binocular horizontal disparities of each element emerge.
Whereas the pictorial depth impressions are preserved,
observers easily discern that the disparities allow the accu-
rate judgment of stereoscopic depth: all components are on
the same front parallel plane.
Fig. 2B shows our new stereograms. Compared with
Fig. 2A, all elements are similar except that the centered bar
is unpaired (we call this as a ‘monocular centered bar’). Ste-
reoscopically, all the components can be perceived stably
with preserving the pictorial features. The surrounding
squares or the lateral bars can be seen on the same front
parallel plane as seen in Fig. 2A, providing a reference for
Fig. 3. The presence of the monocular centered bar induces the subjective
occluding edge (SOE). (A) The closer black region in the fused image of
the stereograms. In fusing the stereograms in Fig. 2B, observers can notice
that the region to the immediate left of the centered bar is slightly in front
of the centered bar (black shadows). When the stereograms in Fig. 2B are
rotated upside down, there is a change in the percept such that the closer
black region is that to the immediate right of the centered bar. Note that
such a closer region cannot be seen in Fig. 2A. (B) Occlusion geometry by
the SOE for the monocular centered bar to the right eye. In this situation,
the SOE (Wlled rectangles) must be induced immediately to the left of the
centered bar (open rectangles) by the presence of the monocular centered
bar left unmatched. Consequently, the monocular centered bar contains
no disparity information and can be located at any depth between the dot-
ted lines (e.g., three white rectangles paired with each black rectangle).
Although a camouXage situation (the smallest white rectangle) may exist
in this schematic geometry, it is not possible in our stereograms because
the binocularly paired components (Bino), which are horizontally aligned
with the centered bar, are small and suYciently apart from the centered
bar. Before all of experiments in this article, we had conWrmed that the
closer black regions in our stereograms correspond to the SOE and the
monocular centered bar with various width and height can induce it. Solid
and dotted lines show the rays from binocular components and the mon-
ocular centered bar, respectively; broken lines show virtual rays from the
SOE.
BinoBino
A Bstereoscopic depth judgments. The monocular centered bar,
in contrast, is perceived at a diVerent depth in each stereo-
gram. In the surrounding-square type stereograms, the
shorter the centered bar is, the farther the depth appears. In
the lateral-bar type stereograms, the depth of the centered
bar seems to be farther away, equidistant with, or nearer
from the lateral bars depending on the relative vertical size
of the centered bar to the lateral bars.
When the stereograms in Fig. 2B are fused, observers
can notice that the black region immediately left of the cen-
tered bar is perceived slightly in front of the centered bar or
the other black regions (Fig. 3A). When Fig. 2B is rotated
upside down and fused, the closer black region can be seen
on immediately right of the centered bar. This indicate that
our visual system treats the monocular centered bar as
being occluded (Fig. 3B). Psychophysical studies have
revealed that even in the absence of explicit foreground sur-
faces the monocular regions can be stably perceived with
the formation of an illusory contour or a subjective occlud-
ing edge (SOE) (Anderson, 1994; Gillam & Nakayama,
1999; Lawson & Gulick, 1967; Liu et al., 1994; Nakayama
& Shimojo, 1990). The sides of the closer black region in
our stereograms are consistent with observations by
Nakayama and Shimojo (1990) that unmatched monocular
elements induce the SOE on its nasal side. Indeed, by using
the surrounding-square type stereograms, our preliminary
experiment with various monocular bar width (4.5, 10.0 or
14.5 min arc) and height (30.1, 60.3, 90.4, 120.5 or 149.5 min
arc) conWrmed that the perceived side of the closer black
regions was always the nasal side of the monocular cen-
tered bar. Thus, by using the lateral-bar type stereograms,
we examine how the pictorial cues aVect the stereoscopic
depth of the monocular centered bar.
3. General methods
3.1. Subjects
Four subjects, including YM (author), TA, NC, and ST
(naïve), participated in all experiments. All subjects had
normal stereo-acuity conWrmed by the viewing of random-
dot stereograms.
3.2. Apparatus and stimuli
Stereoscopic eVects were created by a mirror-stereoscope
with a display (21 in. Nanao Flex Scan 88F) in a darkened
room. Stimuli were generated by using a VSG 2/3 graphic-
board. The luminance of the stimuli (white) was usually set
at 12.0 cd/m2, and the background (dark gray) was Wxed to
0.01 cd/m2. The viewing distance was 77 cm.
Each width of the stimuli was Wxed to 10.0 min arc of the
centered bar and 4.5min arc of the lateral bar. The monocu-
lar centered bar was always located at the center of visual
Weld. The binocularly fusible lateral bars were always located
§89.3min arc horizontally from the center of visual Weld. All
bars were horizontally aligned with the center of visual Weld.
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Fig. 4 schematically illustrates the task. Subjects were
instructed to Wxate on the center of the visual Weld during
stimulus presentation. In all the experiments, to begin a
trial the subject pressed a space-key to display the binocu-
lar lateral bars with a Wxation stimulus consisting of a fus-
ible horizontal line segment (16.7 £ 2.2 min arc) Xanked by
each eye’s vertical line (2.2 £ 16.7 min arc). After the con-
vergence angle was stable by conWrming that the vertical
lines of the Wxation were aligned, the subject pressed the
space-key to replace the Wxation cross with the centered
bar. After a period of stimulus presentation, a message
was presented for cueing the forced-choice judgment:
whether the depth of the centered bar was perceived
nearer, or not diVerent, or farther away from the depth of
the lateral bars or of a probe. By pressing the arrow-keys,
the subject made a choice of three-alternatives, [near, no,
far]. After the judgment, the display screen was blank for
5.0 s, and then a ‘go’ signal for the next trial was pre-
sented. The various conWgurations of the stereograms
were presented in random order in each session.
3.4. Statistics
Multiple-ANOVA analyses were performed to calculate
the signiWcance of the diVerences. All statistical results are
shown in the text.
Fig. 4. The task-events within one trial in the sessions. For details, see
Section 3.
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Next Trial3.5. Eye dominance tests
One is the “Rosenbach’s test” (Fahle, 1982; Rosenbach,
1903). This test examines which eye determines the position
of a Wnger when subject is asked to point to a distant object.
The second is a rivalry test, in which the subjects were pre-
sented with the image of a vertical bar to one eye and the
image of a horizontal bar to the opposite eye for 4.0 s, and
were asked to report which bar was suppressed most fre-
quently. Both tests indicated that all subjects were right-eye
dominant (for details, see supplementary Tables S1 and S2).
4. Results
4.1. Experiment 1: The depth of the monocular centered bar 
is aVected by relative vertical size
The purpose of the Wrst experiment was to examine
whether the relative vertical size of the bars would aVect the
depth of the monocular centered bar in the lateral-bar type
stereograms shown in Fig. 2B. For this, it is suYcient to
compare the perceived depth of the centered bar with that
of the binocular lateral bars since those provide the refer-
ence of stereoscopic depth judgment. In the Wrst experi-
ment, we used the stereograms including various relative
vertical sizes, and asked subjects to report the depth of the
centered bar compared with that of the lateral bars.
4.1.1. Methods
There were two session types: in one session type the ver-
tical size of the centered bar was varied and that of the lat-
eral ones was constant; in the other type the vertical size of
the lateral bars was varied and that of the centered bar was
constant. Each subject performed 11 sessions for each type;
the Wrst one was practice and there was a break of at least
10 min between sessions. Variable vertical sizes were
30.1 min arc (small-size), 90.4 min arc (medium-size) or
149.5 min arc (large-size). Fixed vertical size was medium-
size. Luminance of the centered and lateral bars was Wxed
at 12.0 cd/m2 (normal-luminance). Fifteen trials were done
in each session: [three variable vertical sizes £Wve types of
centered bar presentation: left eye only; right eye only; bin-
ocularly with +6.7 disparity; binocularly with zero dispar-
ity; binocularly with ¡6.7 disparity].
4.1.1.1. Perceived depth index. We set the three alternatives
[near, no, far] having each score [+1, 0, ¡1]. To calculate a
perceived depth index, mean scores from 10 sessions were
calculated for each stereogram and these were divided into
groups based on the relative vertical size of the centered bar
to the lateral bars. Averaged scores of each group represent
the perceived depth indices (for example, if a subject will
reported ‘near’ in all sessions when the stereograms with
large relative vertical size, the perceived index for the large
relative vertical size will be +1). In the Wrst experiment, all
subjects correctly identiWed the depth of the binocular cen-
tered bar consistent with its disparity regardless of the rela-
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+1 for the binocular centered bar with near-disparity, ¡1
for that with far-disparity, and 0 for that with zero dispar-
ity. These conWrmed the acuity of our experimental method
for depth judgment.
4.1.2. Results
The results for the relative vertical sizes of the monocu-
lar centered bars are shown in Fig. 5. Statistical analysis for
the mean of the perceived depth indices averaged over the
conditions for the relative vertical size indicated that the
depth of the monocular bar was aVected by the relative ver-
tical size (F [2, 42] D 69.9, P < 0.0001). Subjects YM, TA, and
NC perceived the centered bar in front of the lateral bars in
the large relative vertical size, farther away in the small rel-
ative vertical size, and equidistant with in the same relative
vertical size. In subject ST, the results also showed the
eVects of the relative vertical size, although ST reported
that the centered bar was in front of the lateral bars even in
the small relative vertical size.
4.2. Experiment 2: The depth of the monocular centered bar 
is aVected by contrast
Many of studies have demonstrated that, when two
areas diVer in contrast with the background, the area hav-
ing lower contrast would be perceived farther than the
area having higher contrast (Farnè, 1977; Fry, Bridgman,
& Ellerbrock, 1949; Mount, Case, Sanderson, & Brenner,
1956; O’Shea, Blackburn, & Ono, 1994; Rohaly & Wilson,
1999; Ross, 1967; Schor & Howarth, 1986). Because scat-
tering light by the atmosphere is the major optical eVect of
aerial perspective that causes a reduction of contrast of an
object with its distance (Farnè, 1977; Fry et al., 1949;
O’Shea et al., 1994; Ross, 1967; see also Cutting & Vish-
Fig. 5. Results of the Wrst experiment. The perceived depth indices are
plotted by the relative vertical size of the monocular bar to the lateral
bars. Symbols: squares, YM; circles, TA; triangles, NC; inverse triangles,
ST; Wlled-stars, average of all subjects. Bars denote the SD.
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Small Same Largeton, 1995), it is suggested that contrast is suYcient as a
pictorial depth cue simulating aerial perspective (O’Shea
et al., 1994). Thus, in Experiment 2, we examined whether
the contrast of each bar aVects the perceived depth.
Fig. 6A shows the examples of the stereograms in Experi-
ment 2, in which all bars are identical in vertical size, but
the monocular centered bar and the binocular lateral bars
have diVerent luminance. Because the background lumi-
nance in our stereograms is very low and always constant
(0.01 cd/m2), the bars with lower or higher luminance from
that used in Experiment 1 (12.0 cd/m2) correspond to the
bars having lower or higher contrast, respectively. So, if
contrast as a pictorial depth cue can constrain the monoc-
ular element in da Vinci stereopsis, the monocular cen-
tered bar might be perceived farther away from the lateral
bars when the contrast of centered bar is lower than that
of lateral bars, and might be perceived nearer from the lat-
eral bars when the contrast of centered bar is higher than
that of lateral bars. As in Experiment 1, the depth com-
parison between the monocular bar and the lateral bars
could clarify whether the contrast aVects the depth of the
monocular bar.
Fig. 6. The second experiment with the stereograms including a contrast
cue. (A) Examples of the stereograms used in the second experiment. Con-
trast of the monocular bar with the background is lower (top), or higher
(bottom) than that of the lateral bars. (B) Results of the second experi-
ment. The perceived depth indices are plotted by the contrast of the mon-
ocular bar compared with the lateral bars. Symbols: squares, YM; circles,
TA; triangles, NC; inverse triangles, ST; Wlled-stars, average of all sub-
jects. Gray symbols represent the same data as in Fig. 5 for the same rela-
tive size. Bars denote the SD.
-1.0
-0.5
0.0
0.5
1.0
Contrsat of Centered Bar
Eq
ui
Low Same High
Fa
r
N
ea
r
RA
B
98 Y. Makino, M. Yano / Vision Research 46 (2006) 91–1054.2.1. Methods
There were two session types: in one session type the
contrast of the centered bar was varied and that of the lat-
eral bars was constant; in the other type the contrast of the
lateral bars was varied and that of the centered bar was
constant. Each subject performed 11 sessions for each ses-
sion type; the Wrst one was practice and there was a break
of at least 10 min between sessions. Variable bar-lumi-
nances were 36.0 cd/m2 (high-contrast) or 7.2 cd/m2 (low-
contrast). Fixed bar-luminance was 12.0 cd/m2 (normal-
contrast). The vertical size of the centered and lateral bars
was Wxed at medium-size. Six trials were done in each ses-
sion: [two variable luminance £ three types of centered bar
presentation: left eye only; right eye only; binocularly with
zero disparity]. The perceived depth indices were calculated
to the contrast condition of the centered bar compared with
the lateral bars. The perceived depth index of the binocular
centered bar with zero disparity was zero regardless of the
contrast of the bar, conWrming the acuity of the task.
4.2.2. Results
Results of Experiment 2 indicate that the contrast diVer-
ences among the bars signiWcantly aVected the perceived
depth (Fig. 6B, F [1,27] D 69.6, P < 0.0001). Subjects YM,
NC, and ST perceived the centered bar in front of the lat-
eral bars when the contrast of the centered bar was higher
than that of the lateral bars, and farther away when the
contrast of the centered bar was lower than that of the lat-
eral bars. TA also perceived the bars as farther away when
the contrast of the centered bar was lower than that of the
lateral bars, but perceived the bars to be almost equidistant
when the contrast of the centered bar was higher than that
of the lateral bars.
With regard to the pictorial depth cue, the conditions of
the high and low contrast in Experiment 2 could be paired
with those of the large and small relative vertical size in
Experiment 1, respectively. Between the perceived depth
indices of these corresponding conditions, there was a high
and positive correlation (r D 0.81, P < 0.01), suggesting that
the pictorial depth information from either feature would
aVect the depth of the monocular bar.
4.3. Experiment 3: The depth of the monocular centered bar 
when the relative vertical size and the contrast were 
conXicting as a depth cue
In Experiments 1 and 2, absolute values of the perceived
depth indices can be considered as the strength of the eVects
of each cue on the depth of the monocular bar. Comparing
these values between the corresponding conditions, those
for the relative vertical size seemed to be larger than those
for the contrast (e.g., the perceived depth indices averaged
over the subjects were 0.77 for large relative vertical size in
Experiment 1, and 0.33 for high contrast in Experiment 2).
This suggests that, in vertical size and contrast we used, the
eVects of the contrast might be weaker than those of the rel-
ative vertical size. O’Shea et al. (1994) suggested that sizeand contrast cues combine and sum to determine pictorial
depth impressions when these cues are opposed to each
other. So, if in our stereogram each of the vertical size and
the contrast in opposite as the depth information would
aVect as the pictorial depth cue, the perceived depth of the
monocular bar might be determined dominantly by the ver-
tical size rather than by the contrast. To conWrm this, we
used the stereograms, in which the centered bar has high
contrast but small relative vertical size, or low contrast but
large relative size. Example stereograms in Experiment 3
are shown in Fig. 7A. If the eVects of the contrast were
weaker than those of the relative vertical size, the perceived
depth indices plotted by the contrast conditions would have
a negative slope.
4.3.1. Methods
There were two session types: in one session type the ver-
tical size and the contrast of the centered bar were varied as
[large-size, low-contrast] or [small-size, high-contrast], and
Fig. 7. The third experiment with the stereograms including both of size
and contrast cues, each of which is conXicting as the depth information.
(A) Examples of the stereograms used in the third experiment. In each ste-
reogram, the eVects of the relative vertical size and the contrast on the
depth of the monocular bar are conXicting. In the upper stereogram, the
relative vertical size of the monocular bar is small but the contrast is high.
In the lower one, the relative vertical size is large but the contrast is low.
(B) Results of the third experiment. The perceived depth indices are plot-
ted by the contrast of the monocular bar compared with the lateral bars.
Symbols: squares, YM; circles, TA; triangles, NC; inverse triangles, ST;
Wlled-stars, average of all subjects. Gray symbols represent the same data
as in Fig. 5 for the same relative size. Bars denote the SD.
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normal-contrast]; in the other type the vertical size and the
contrast of the lateral bars were varied as [large-size, low-
contrast] or [small-size, high-contrast], and those of the cen-
tered bar were constant as [medium-size, normal-contrast].
Each subject performed 11 sessions for each session type;
the Wrst one was practice, and there was a break of at least
10 min between sessions. Six trials were done in each ses-
sion: [two combinations £ three types of centered bar pre-
sentation: left eye only; right eye only; binocularly with
zero disparity]. The perceived depth indices were calculated
for the monocular bar conditions. The perceived depth
index of the binocular centered bar with zero disparity was
zero regardless of the bar conditions, conWrming the acuity
of the task.
4.3.2. Results
Fig. 7B shows the results plotted by the contrast condi-
tions, indicating that the pictorial cues signiWcantly aVected
the depth of the monocular bar even when each cue was
conXicting as the depth information (F [1, 27] D 74.2,
P < 0.0001). The slope was negative and opposite to that
found in Fig. 6B. This implies that the relative vertical size
had the stronger eVect than the contrast. The dominant
eVect of the relative vertical size was conWrmed by correla-
tion analysis between the perceived depth indices of the cor-
responding conditions of each experiment, i.e., the
perceived depth indices of Experiment 3 correlated posi-
tively to those of Experiment 1 (for the relative vertical size,
r D 0.95) but negatively to those of Experiment 2 (for the
contrast, r D¡0.56).
4.4. Experiment 4: Measurements of the depth of the 
monocular bar with three relative vertical sizes
The Wrst to third experiments demonstrated that the rel-
ative vertical size and the contrast diVerence would aVect
the depth of the monocular bar as the pictorial depth cues,
and that in our experimental parameters the relative verti-
cal size has the stronger eVect than the contrast diVerence.
While these were observed in all subjects, statistical analysis
of Experiments 1 and 2 indicated that each subject tended
toward signiWcantly diVerent percepts (subject factor:
Experiment 1, F [3, 42] D 7.054, P D 0.0008; Experiment 2,
F [3, 27] D 10.27, P D 0.0001). These results suggest that the
perceived depth for each subject is likely to vary. To clarify
this, we measured the depth of the monocular bar for three
relative vertical sizes.
4.4.1. Methods
Each trial was the same as that in the previous experi-
ments, except that we added a depth probe (4.5 min arc
square, yellow, 6 cd/m2) and subjects compared the per-
ceived depth of centered bar with that of the probe. The
depth was measured by a session which consisted of 15
successive trials, in all of which an identical monocular
bar was presented for 5 s and for the last 2.5 s the depthprobe was added with a certain disparity (Fig. 4). The
probe disparity during the session was changed depending
on the subject’s answer to the previous trial; that is, if the
answer was ‘near’ then the disparity increased, if ‘far’ then
it decreased, and if ‘no diVerence’ then it was not changed.
The initial probe depth was set to zero. Three sessions
were run with a 1-min interval between sessions. Control
experiments with the binocular centered bar conWrmed
that this quantiWcation method can evaluate the stereo-
scopic depth within §1.1 min arc of the correct depth.
Vertical size of the bars [centered bar, lateral bars] was
[large-size, medium-size (YM and ST) or small-size (TA
and NC)] for the large relative vertical size, [medium-size,
large-size] for the small relative vertical size, and
[medium-size, medium-size] for the same relative vertical
size. Each relative vertical size stereogram included two
types: the centered bar presented to the left eye or to the
right eye. To minimize the disturbing eVects of the probe-
presentation on stable perception of the centered bar, the
probe position relative to the centered bar was set as fol-
lows: for the large relative size and the same relative size
patterns, +44.6 min arc from the upper edge of the cen-
tered bar; for the small relative size pattern, ¡44.6 min arc
from the lower edge of the centered bar. Subjects were
instructed to Wxate not on the probe but on the center of
the visual Weld during stimulus- and probe-presentation.
In all subjects, the Wrst of all the sessions of Experiment 4
(the monocular bar presented to left eye with the large rel-
ative vertical size) was performed with the increment- and
decrement-units of the probe disparity as §1.1 min arc.
The results of TA and NC indicated that the probe dispar-
ity was almost similar during the last Wve trials, so the fol-
lowing sessions were performed with the §1.1 min arc
unit. In subjects YM and ST, on the other hand, the
reports of all trials were ‘near’ and the disparity was line-
arly increased to a 16.7 min arc. Therefore, the unit was
reset as [§3.4 min arc in the Wrst three trials, §2.2 in the
mid-Wve trials, and §1.1 in the last seven trials] and then
the task was started again with a 1-min interval.
4.4.2. Results
The probe disparities for each subject during the 15
successive trials are shown in Fig. 8A. Since the disparities
of the last Wve trials were almost similar, these data
were summed and averaged as the perceived depth for
each relative vertical size (Fig. 8B) and were statistically
analyzed. These clearly indicate that the eVects of relative
vertical size were observed in all the subjects
(F [2, 350] D 422.95, P < 0.0001) and in each subject (YM,
F [2, 87] D 676.02, P < 0.0001; TA, F [2, 87] D 144.20,
P < 0.0001; NC, F [2, 87] D 161.55, P < 0.0001; ST,
F [2, 87] D 1808.64, P < 0.0001) and showed a subject-
dependent tendency (F [3, 350] D 71.85, P < 0.0001). These
results imply that the relative vertical size would quantita-
tively determine the depth of the monocular bar, but
the depth levels for each subject had large inter-subject
diVerences.
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5.1. Novelty of the Wndings
Stereograms consisting of separate objects inevitably have
pictorial features in the fused image. In this article, we intro-
duced the stereograms consisting of the monocularly viewed
center bar Xanked by the binocularly viewed bars, and exam-
ined how the relative vertical size and the contrast diVerences
among the bars aVected the perceived depth of the monocu-lar bar. The results of Experiment 1 and Experiment 2 con-
Wrmed that the depth of the monocular bar was aVected by
each cue. Experiment 3 revealed that, in vertical size and con-
trast we used, the relative vertical size more strongly aVected
the perceived depth than the contrast. In Experiment 4, when
the depth was measured for each relative vertical size, the
results showed that the perceived depth for each subject was
highly correlated with the relative vertical size of the bars,
and furthermore that there were large inter-subject diVer-
ences among the depth levels reported by each subject.Fig. 8. Measured depth in the fourth experiment for three relative vertical sizes. (A) Each panel shows the results from each of the four subjects. The mean
disparity of the probe during 15 successive trials is plotted for each relative vertical size. Because the data for the last Wve trials were very similar for each
subject, these were summed and averaged as the perceived depth for each relative vertical size in (B). Symbols: squares, large relative vertical size; circles,
same relative vertical size; triangles, small relative vertical size. Bars denote the SD. (B) The averaged disparity from the last Wve trials for each relative ver-
tical size in each subject. Data are plotted for each relative vertical size. Symbols: squares, YM; circles, TA; triangles, NC; inverse triangles, ST. Bars
denote the SD.
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Vishton, 1995; Epstein & Baratz, 1964; Gogel, 1963; Hoch-
berg & McAlister, 1955; Ittelson, 1951; Sedgewick, 1986,
chapter 21; Youngs, 1976) or in contrast (Farnè, 1977; Fry
et al., 1949; Mount et al., 1956; O’Shea et al., 1994; Rohaly
& Wilson, 1999; Ross, 1967; Schor & Howarth, 1986)
between objects provide depth information, and these cues
combine and sum to determine the depth impressions when
the cues are opposed to each other (O’Shea et al., 1994).
Furthermore, it is well known that the 3-D impressions
derived from pictorial depth cues diVer among observers.
These characteristics of pictorial depth perception seem to
be highly consistent with our experimental Wndings regard-
ing the stereoscopic depth of the monocular centered bar.
In da Vinci stereopsis, the depth eVects of double match-
ing between the monocular and binocular edges have previ-
ously been revealed (Gillam, Blackburn, & Cook, 1995;
Gillam et al., 2003; Kumar, 1996). Theoretically, double
matching can predict the quantitative depth of the monocu-
lar object in either the near or far direction given the hori-
zontal separation from the binocular edge. Reports by
Gillam and colleagues have suggested that double match-
ing between the monocular and binocular edges occurs
within approximately 40 min arc of horizontal separation
and aVects the depth of the monocular object (Gillam et al.,
1995, 2003). By contrast, in our stereograms, the separation
between the monocular and binocular bars was Wxed at
approximately 90 min arc. This separation is large enough
to be out of the possible range for double matching to
occur. Furthermore, the SOE seen in our stereograms pro-
vides evidence that the visual system treats the monocular
bar as unmatched, because the SOE is induced by the pres-
ence of an unmatched monocular region or element in the
absence of any binocular occluder (Anderson, 1994; Gillam
& Nakayama, 1999; Lawson & Gulick, 1967; Liu et al.,
1994; Nakayama & Shimojo, 1990). So, the depth eVects
found in our experiments diVer from the eVects of double
matching.
Kumar (1995) reported depth eVects caused by lumi-
nance changes in the monocular regions. Kumar used stere-
ograms consisting of a white rectangle within a black
rectangle. When he changed the luminance of the monocu-
larly viewed vertical patches, which were horizontally adja-
cent to the white rectangle, the apparent depth of the white
rectangle changed. In these stereograms, the luminance
changes of the monocular regions created contrast edges
that can correspond to those in the opposite retinal image.
By contrast, in our stereograms used in Experiment 2, the
changes in the luminance of the monocular centered bar did
not cause such corresponding edges as it was a separate ele-
ment. Furthermore, in Experiment 2, the eVects on the
depth of the monocular bar were observed both when the
luminance of the monocular centered bar was changed
while that of the binocular lateral bars was held constant,
and also when the luminance of the monocular centered
bar was held constant while that of the binocular lateral
bars was changed. Thus, we conclude that the depth eVectsdue to the contrast changes seen in Experiment 2 are inde-
pendent from those reported by Kumar (1995).
When making a stereoscopic depth judgment between
objects, an uncrossed (far) bias at low contrast is known to
occur (Rohaly & Wilson, 1999; Schor & Howarth, 1986).
Although the uncrossed bias might explain the results of
Experiment 2, it cannot explain the results of Experiment 3,
in which the low-contrast monocular bar was perceived as
‘near’ and the high-contrast monocular bar was perceived
as ‘far’ compared with the lateral bars. The results of
Experiment 3 also cannot be explained from the view of the
‘contrast energy’ of static 2-D stimuli. The contrast energy
is deWned as the square of the contrast summed over the
size of the stimulus area (e.g., Pelli & Farell, 1999). If the
contrast energy determines the perceived depth of the mon-
ocular centered bar in comparison with the energy of the
medium-sized monocular bar in Experiment 1 (perceived as
almost equidistant with the lateral bars; Fig. 5), then when
the energy of the monocular bar is higher, it will be per-
ceived as nearer; likewise, when the energy is lower, the
monocular bar will be perceived as farther away. This
schema might explain the results of Experiments 1 and 2,
but cannot be applied to the results of Experiment 3, in
which the energy of the larger low-contrast bar (perceived
as nearer) was approximately 0.6 times the energy of the
medium-sized bar with normal contrast, and that of the
smaller low-contrast bar (perceived as farther away) was
approximately three times the energy of the medium-sized
normal contrast bar.
As the conWgurations of the stereograms used in
Experiment 2 (i.e., one-half of the image consists of two
vertical bars and the other consists of three vertical bars
with luminance changes) are fairly similar to those used
for investigating ‘disparity averaging’ (also called depth
mixture or averaging; Birch & Foley, 1976; Foley, 1976;
Foley & Richards, 1978; Kaufman, Bacon, & Barroso,
1973; Kumar & Glaser, 1995; Shimono & Ono, 1990; Tam
& Ono, 1987), we should mention this phenomenon. Dis-
parity averaging occurs when the half-images of two
objects at diVerent depths are superimposed, and the per-
ceived depth of the objects interacts such that the relative
weight of each object in the averaging process is deter-
mined by their luminance (Kaufman et al., 1973). Kauf-
man et al. (1973) Wrst reported this phenomenon using
random-dot and bar-type stereograms, and suggested that
the averaging occurs at disparities up to 30 min arc. Fur-
thermore, several studies suggested that the disparity
averaging between large disparities is not a robust phe-
nomenon in bar-type stereograms (Howard & Rogers,
1995; Tam & Ono, 1987). In terms of disparity averaging,
the depth diVerence between the objects in our stereo-
grams corresponded to the horizontal separation between
the monocular and binocular bars (approximately 90 min
arc), and was suYciently outside the range within which
the averaging phenomenon occurs. Thus, the averaging
phenomenon could not account for the perception of
depth in our stereograms.
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stereograms is left unmatched and induces the SOE, as in
monocular occlusion; moreover, its depth is perceived as
either nearer or farther away from the stimulus plane of the
binocular bars depending on the pictorial depth cues in the
fused image. Although, it was suggested that size aVects the
depth of the monocular objects in the uncrossed (far) direc-
tion (Kumar, 1996), this has not been examined with regard
to pictorial depth cues. We demonstrated experimentally
that this eVect is caused by the pictorial depth cue in the
fused image and, furthermore, we revealed that the monoc-
ular object is perceived as nearer in comparison to the bin-
ocular objects when the pictorial depth cues provide the
depth information. According to our Wndings, the discrep-
ancy between the depth levels of the monocular elements
observed by Nakayama and Shimojo (1990), and by Gillam
et al. (2003) can now be understood in light of their picto-
rial features. In Nakayama and Shimojo (1990), the depth
of the monocular element appeared almost equidistant with
the binocular surface because of their similar vertical size.
In Gillam et al. (2003), the depth of the monocular disc
seemed farther away from the binocular elements because
of their large relative vertical size.
5.2. Pictorial depth cues work as a constraint
In our results, the perception of the monocular bar as
nearer than the stimulus plane is important, because this
could not be predicted by the previously proposed con-
straints in da Vinci stereopsis: the minimum depth con-
straint predicts that the depth recedes linearly from
binocular objects with an increasing horizontal separation
(Nakayama & Shimojo, 1990); the capture constraint pre-
dicts that the depth of the monocular object would be equi-
distant with that of the binocular object (Häkkinen &
Nyman, 1996, 2001). It is possible that the depth of the
phantom surface (i.e., the SOE in our stereograms) might be
captured and seen at equidistance with the binocular ele-
ments (Nakayama & Shimojo, 1990). In this case, the mon-
ocular regions should seem farther away from the SOE, as
it occludes the monocular regions. Indeed, it was suggested
that the gap in depth from the phantom surface to the mon-
ocular region was metrically related to the width of the
monocular region in the far direction (Gillam et al., 1999;
Gillam & Nakayama, 1999; Liu et al., 1994; Pianta & Gil-
lam, 2003a). Thus, the capture constraint on the SOE also
does not predict that the depth of the monocular bar would
be perceived as nearer than the stimulus plane.
We should also mention the ‘minimum slant constraint’
proposed in monocular gap stereopsis (Pianta & Gillam,
2003b). Monocular gap stereopsis is deWned as the depth
perceived when a solid colored shape (e.g., a black rectan-
gle) containing a vertical monocular gap is fused with
another image of the solid shape with no gap (Gillam et al.,
1999; Grove et al., 2002; Pianta & Gillam, 2003a, 2003b). In
this stereopsis, two surfaces are seen, with a depth gap that
is metrically related to the width of the monocular gap asminimizing slant angles of the surfaces (the minimum slant
constraint; Pianta & Gillam, 2003b). The stimulus conWgu-
rations in monocular gap stereopsis seem to be fairly simi-
lar to the conWgurations of our stereograms, in that the two
binocular edges Xank the vertical monocular region with a
large separation between them. If surfaces, such as those
formed in monocular gap stereopsis, might be formed in
our stereograms, e.g., one surface binding one lateral bar to
the monocular bar and the other surface binding the oppo-
site lateral bar to the SOE (although our stereograms do
not satisfy an essential requirement for the monocular gap
stereopsis, see Grove et al., 2002), the minimum slant con-
straint would predict that the depth of the SOE should be
seen as ‘near’ and the monocular bar should be perceived as
‘far’ compared with the binocular bars. This indicates that
the minimum slant constraint also cannot explain our
results. Although in our stereograms double matching with
one of the lateral bars only can predict that the depth
would be perceived as ‘near,’ we have already ruled out this
possibility in Section 5.1.
Based on these considerations, we conclude that the pic-
torial depth cues in our stereograms constrain the depth of
the monocular bar. In a binocular process, the depth of the
binocular bar can be deWned from the disparity informa-
tion, the SOE immediately to one side of the monocular bar
could be induced by the presence of the monocular bar
itself, and the depth gap between the SOE and the monocu-
lar bar could be deWned by the width of the monocular bar.
However, solely with respect to binocular information, the
depth of the monocular bar (or the SOE) relative to the bin-
ocular bars would be ambiguous. From a theoretical stand-
point, it is an ill-posed problem for the binocular processes
to determine the depth of the monocular bar, and there
must be some constraint to resolve the depth ambiguity of
the monocular bar. Our results imply that the pictorial
depth cues could work as this constraint and could aVect
binocular processes in the visual system (we call this the
‘pictorial depth-cue constraint’).
5.3. Implementing pictorial depth-cue constraint in the visual 
system
How does the visual system use the constraint of picto-
rial depth cues to determine the depth of the monocular bar
in our stereograms? We can assume there are two possible,
yet divergent, mechanisms. One is that the constraint might
emerge from the process that derives the pictorial depth
cues from the fused image regardless of the binocular pro-
cesses. This is a reasonable assumption, as pictorial depth
cues can be derived even with one eye shut (i.e., without bin-
ocular processing). Also, in conventional stereopsis (e.g.,
viewing the stereograms in Fig. 2A) we can acquire 3-D
impressions from the pictorial features of the fused image,
while simultaneously accurately judging the stereoscopic
depth of the elements from the disparity cue. If the derived
pictorial depth cues could constrain binocular processing,
the perceived depth of the monocular bar should be quanti-
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Because the results from all of our subjects were highly con-
sistent with the qualitative characteristics of the pictorial
depth cues, this mechanism seems plausible.
At the other extreme, however, we could assume that the
process deriving the pictorial depth cues is unnecessary and
that the pictorial constraint might be embedded in the bin-
ocular processing itself, which is strongly dependent on the
stimulus conWgurations. For example, illusory contour for-
mation might occur between the SOE for the monocular
bar and the binocular elements depending on the stimulus
conWgurations. Indeed, for the stereograms with a sur-
rounding square and long monocular bar (Fig. 2B), an illu-
sory contour might bind the monocular bar to the vertically
aligned binocular dots. If the process of illusory contour
formation is strongest when the end points of the SOE and
binocular elements are aligned and close together, the per-
ception of the surrounding square stereograms can be
understood. However, to explain all the results of the exper-
iments with the lateral bar stereograms, the following fur-
ther assumptions are necessary: the contour should be
concave in depth when the monocular bar is smaller in
height or darker in luminance than the binocular bars, and
should be convex when the monocular bar is larger or
brighter in a subject-dependent manner. These assumptions
are almost equivalent to a concept that the binocular pro-
cesses themselves might take account of the pictorial depth
cues to determine the non-fusible monocular elements in da
Vinci stereopsis. We think that this is an interesting way to
implement the pictorial depth-cue constraint. However, this
seems unlikely in the lateral-bar type stereograms, because
it is diYcult to see an illusory contour binding the monocu-
lar bar to the binocular bars, even though we clearly see the
SOE immediately to one side of the monocular bar.
Therefore, we suggest that both processes (i.e., the picto-
rial process deriving the depth cue from the pictorial image
features and the process by which the binocular elements
constraining the SOE depend on the stimulus conWgura-
tions) might participate in the perception of our stereo-
grams. For the lateral-bar type stereograms in particular,
the latter process might be so weak that the binocular bars
only provide the reference depth; thus, the perceived depth
of the monocular bar would strongly reXect the depth cues
derived from the pictorial features of the fused image by the
former process.
5.4. Neural mechanisms
Physiological studies suggest that the information neces-
sary to perceive depth in our stereograms is coded in the
early visual cortices (i.e., areas V1 and V2). With regard to
binocular processes, information regarding the eye of origin
of the monocular bar is necessary for the SOE formation.
In primate visual cortices, it has been suggested that only
area V1 preserves the eye-of-origin information (Hubel &
Wiesel, 1968) and that many neurons in area V2 respond to
subjective contours (Peterhans & von der Heydt, 1989). Ofcourse, the information about the disparity of the binocular
lateral bars must be processed. It has been suggested that
neurons in areas V1 and V2 respond to binocular disparity
(Hubel & Wiesel, 1970; Poggio & Fisher, 1977; Poggio,
Gonzalez, & Krause, 1988; Poggio, Motter, Squatrito, &
Trotter, 1985). To derive the pictorial depth cues from the
image features, image components with large separations
between them must be processed. It has been suggested that
neurons in area V1 have intrinsic horizontal connections
that cover neighboring visual Welds (Livingstone & Hubel,
1984; McGuire, Gilbert, Rivlin, & Wiesel, 1991; Rockland
& Lund, 1983). With regard to size, the responses of neu-
rons to bar stimuli in areas V1 and V2 are selective to orien-
tation and optimum size (Hubel & Livingstone, 1987;
Kapadia, Ito, Gilbert, & Westheimer, 1995). Furthermore,
it is well known that stimulus contrast strongly aVects neu-
ronal activity in the early visual cortices.
Our Wndings that pictorial depth cues constrain the
depth of the monocular element imply that there must be
a mechanism to fuse and integrate the coded information
in early visual cortices. From this perspective, it is inter-
esting that neurons in the higher visual cortical region, i.e.,
the caudal part of the lateral bank of intraparietal sulcus
(area CIP), respond to the surface structures derived from
either the binocular disparity cue or the pictorial texture
gradients cue (Tsutsui, Sakata, Naganuma, & Taira,
2002). Because reciprocal connections between the early
and the higher visual cortices suggest hierarchical pro-
cessing (Felleman & van Essen, 1991), we can assume that
the depth derived from the pictorial cues constrain the
binocular processing through higher visual cortical areas,
such as the CIP. This hierarchical neural mechanism
could correspond to the conceptual mechanism discussed
in Section 5.3, which assumes that the constraint is
derived from the pictorial features regardless of the binoc-
ular processes.
By contrast, we can assume that the pictorial cues have
a non-hierarchical, direct inXuence on the stereoscopic
process, corresponding to the other extreme of the pro-
posed conceptual mechanisms. Based on physiological
studies by Poggio and Fisher (1977) and Poggio et al.
(1985, 1988), Rohaly and Wilson (1999) proposed a model
explaining the eVects of contrast in stereoscopic depth
judgment. In their model, the weaker the responses of the
‘near cells’ (Poggio et al., 1985), the farther away a stimu-
lus seems. As a low-contrast object will produce a weaker
response than a high-contrast object at the same distance,
the low-contrast object will be interpreted as being farther
than the high-contrast object based on the Rohaly and
Wilson model. If the stimulus size has a similar eVect on
the near cells through intrinsic connections and, simulta-
neously, if occluded monocular stimuli could activate the
near cells in some way, the early visual cortices might be
suYcient to incorporate the eVects of the pictorial depth
cues found in our experiments. Further physiological or
psychophysical studies will clarify the plausibility of each
proposed mechanism.
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Finally, we should emphasize that our stereograms have
another aspect beyond da Vinci stereopsis. Since Wheat-
stone (1838) invented the stereoscope, many stereograms
have been proposed to investigate the interactions between
pictorial and stereoscopic depth perception. To our knowl-
edge, however, there have been no stereograms in that sim-
ple pictorial depth cues among objects, such as relative
vertical size or contrast diVerences, can quantitatively
deWne the stereoscopic depth of an object that is completely
ambiguous based on the binocular depth information. Our
stereograms, especially the lateral-bar type stereograms
used in the experiments, apparently can be classiWed as such
ones. In the context of research studying pictorial depth
perception, the stereograms proposed here can be used as a
psychophysical tool to extract pictorial depth cues and to
transform them into a depth that can be quantiWed with the
disparity measure without any complicated cognitive pro-
cesses. Disparity gives a reliable scale for evaluating depth
perception in the distance dimension. Thus, our stereo-
grams might be useful to evaluate the information content
of the pictorial depth cues in the distance dimension.
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